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Abstract
We investigate a Higgs portal dark matter model by extending the Standard model (SM) with
a complex singlet, S = (s + ia)/
√
2, where a is a dark matter candidate and S gets no vacuum
expectation value but s mixies with the SM Higgs via a trilinear interaction. We point out an
interesting scenario, where only quartic coupling contributes to the dark matter relic abundance
and there is no tree level contribution to the direct detection. Numerical analysis shows that the
direction detection cross section, which arises at the one-loop level, is about 2 ∼ 5 orders below
the current LUX bound. Constraints from Higgs measurements as well as collider signatures of the
model at the LHC are studied.
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I. INTRODUCTION
The Standard Model (SM) of the particle physics is well-established and fits perfectly
with almost all the experimental observations in the elementary particle physics. But there
are several observations that the SM can not accommodate, such as neutrino masses, dark
matter and the baryon asymmetry of the Universe [1]. Accumulating evidences point to
the existence of the dark matter, which is neutral, colorless, stable and weakly interacting
matter that cannot be seen with telescopes but accounts for about 25% of the matter in the
Universe. In the SM, neutrinos are stable neutral particles, which turn out too light to be
the full components of the dark matter. Thus one needs new physics beyond the SM. The
weakly interacting massive particle (WIMP) is a promising dark matter candidate, since it
can naturally get the observed relic density for a WIMP with mass around the electroweak
scale. Based on the interaction pattern of WIMP with the SM particle X, it catalyzed
various X-portal dark matter models, of which the Higgs portal dark matter models [2–33]
became interesting and important since the discovery of the SM-like Higgs at the LHC. But
the conventional Higgs portal dark matter is confronted with the tension between the correct
dark matter relic density and constraints from underground direct detections.
To loose this tension, one needs further extensions to the minimal Higgs portal dark
matter models, for example adding parity-violating effective WIMP-Higgs interactions [20,
29, 30], or including extra scalar mediators [30–33] that mixed with the SM Higgs. In
this paper, we provide insight into the Higgs portal dark matter models to study possible
scenarios that have negligible direct detection cross section. There are in general three
types of such scenarios based on different dynamics of dark matter or Higgs. The first
scenario is the freeze-in dark matter [34], which has a negligible initial thermal density and
feeble interactions with the thermal bath that lead to the production of the dark matter as
temperature drops below the dark matter mass. In this scenario, the coupling of dark matter
to the SM-like Higgs is so small that the direct detection cross section can be negligible.
The second scenario is two Higgs doublets model (2HDM)-portal dark matter, in which dark
matter may only interact with the scalar bilinear, Φ†Φ, where Φ is the Higgs doublet in the
Higgs basis that gets no vacuum expectation value (VEV). In this case there is no tree-
level contribution to the WIMP-nucleus scattering, thus the direct detection cross section
is negligible. A systematic study of the phenomenology arising from this model will be
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given in Ref. [35]. The third scenario is hidden scalar mediated dark matter, which is the
main subject of this paper. This scenario extends the SM with a complex scalar singlet,
S = (s + ia)/
√
2, where a is assumed to be the stable dark matter candidate, stabilized
by the CP symmetry of the potential. The muting of the direct detection cross section in
this scenario originates from the speciality of the minimization condition, where S gets no
VEV but s mixes with the SM Higgs arising from the trilinear interaction. As a result there
might be no tree level contribution to the scattering cross section of the WIMP off nucleus
and only quartic coupling is relevant to the WIMP relic density.
We perform a systematic study to this model and find that its direct detection cross
sections is about 2 ∼ 5 orders below the current LUX limit, providing a correct dark matter
relic density. Although it is difficult to detect this model in underground experiments, it
is still possible to search for this model at the LHC or future CEPC-SPPC collider in the
mono-Higgs channel. Our numerical simulations show that the production cross section of
pp→ 2a+ h at the LHC with √s = 13 TeV is about O(10) fb for a O(100) GeV WIMP.
The remaining of this paper is organized as follows: We briefly describe our model in
section II and study constraints from Higgs measurements in section III. Section IV is
focused on the dark matter relic density and direct detection. We discuss collider signature
of this model in section V. The last part is concluding remarks. We present an alternative
dark matter model in the appendix.
II. THE MODEL
As was discussed in the introduction, the key point of avoiding the constraint of dark
matter direct detection is introducing a hidden scalar mediator that mixes with the SM-
like Higgs but gets no VEV. In this paper, we propose two alternative scenarios (Model
A and Model B), both of which may give rise to a scalar dark matter with correct relic
density and escape from constraints given by underground dark matter direct detections in
the meanwhile. The model A is more simple, we will focus on the phenomenology of it in
this paper and leave the model B, which is given in the appendix, for a future study.
We extend the SM with a complex scalar singlet, S = (s + ia)/
√
2, which is referred as
the complex scalar singlet model. a is the dark matter candidate. The scalar potential can
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be written as
V = −µ2hH†H + µ2sS†S + λh(H†H)2 + λs(S†S)2 + λsh(S†S)(H†H)
+{αS(H†H) + βS2 + ρS|S|2 + κS + h.c.} , (1)
where H = (H+, (h+iG+v)/
√
2)T is the SM Higgs. The stability of the WIMP is guaranteed
by the CP symmetry of the potential (or a partially broken Z2 symmetry ), such that α, β, ρ
and κ should be real. Tadpole conditions can be written as(
−µ2h + λhv2h +
1
2
λshv
2
s +
√
2αvs
)
vh = 0 , (2){
+µ2s +
(
λs +
3ρ√
2
)
v2s +
1
2
λshv
2
h + 2β
}
vs +
α√
2
v2h +
√
2κ = 0 . (3)
For the following parameter settings
+ µ2s +
(
λs +
3ρ√
2
)
v2s +
1
2
λshv
2
h + 2β > 0 , αv
2
h + 2κ = 0 , (4)
one has vs = 0 and vh = 246.2 GeV from precision measurements. Even though vs = 0, s
still mixes with the SM-like Higgs h from the trilinear term, with mixing angle θ. The mass
eigenvalues can be written as
m2a = µ
2
s − 2β +
1
2
λshv
2 , (5)
m2s/h =
1
2
µ2s + β + λhv
2
h ±
1
2
√
(2λhv2h − µ2s − 2β)2 + 8α2v2h , (6)
Physical parameters of this model are ma, ms, mh, θ, ρ, λsh, λs, where λs, ρ and λsh are
relevant to the dark matter phenomenology, while other parameters can be written in terms
of physical parameters
λh =
1
2v2
(m2hc
2 +m2as
2) , (7)
µ2s = −
1
2
(m2hs
2 +m2ac
2 +m2a) , (8)
α =
cs√
2v
(m2h −m2a) , (9)
β =
1
4
(m2hs
2 +m2ac
2 −m2a) , (10)
κ = −1
2
αv2h . (11)
We are interested in the scenario where only quartic coupling contributes to the WIMP relic
density, so that λsh and ρ are set to be negligible in the following study.
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FIG. 1: The universal Higgs fit to the data from Higgs measurements at the LHC.
III. CONSTRAINTS
Due to the mixing, couplings of the SM-like Higgs to all SM states are rescaled by the
factor cos θ. Such that the size of θ is constrained by the Higgs measurements at the LHC.
The signal rates µXX , which is the ratio of Higgs measurements relative to the SM-like
Higgs expectations, equal to cos2 θ. In Ref. [38], a global χ2 fit to the current Higgs data
was performed. It gives a 95% confidence level (CL) upper limit on the mixing angle:
|θ| ≤ 0.574. In this paper we perform a universal Higgs fit [39] to the data given by the
ATLAS and CMS collaborations. The fitting result is shown in Fig. 1, where red solid line
is the χ2(θ), the blue dotted and green dashed lines correspond to fixed χ2 values at the 68%
and 95% CL respectively. One has |θ| ≤ 0.526 at the 95% CL, which is a little bit stronger
than the constraint of the global χ2 fit.
For the case mh > 2ms, the SM Higgs can decay into 2s. By assuming κV ≤ 1, where κV
is the ratio of the vector boson coupling relative to the corresponding coupling in the SM,
the ATLAS collaboration [36] has put the upper bound on the branching ratio of h → 2s:
BR(h→ 2s) < 49%. The decay rate of h→ 2s can be written as
Γ(h→ 2s) =
√
m2h − 4m2s
8pim2h
[
(s3 − 2c2s)(m2h −m2s)
cs
2v
+ (m2hc
2 +m2ss
2)
3cs2
2v
]2
, (12)
where v is the VEV of the SM Higgs. Notice that only two free parameters appear in the
decay rate. We show in Fig. 2 contours of the branching ratio BR(h → 2s) in the ms − cθ
plane, where the horizontal dotted and dashed lines correspond to cθ = 0.938 and 0.865
respectively. The red solid line corresponds to BR(h → 2s) = 0.49. It is clear that Higgs
to invisible decay mode puts more severe constraint on the mixing angle, which, translating
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FIG. 2: Contours for the decay rates of the SM Higgs (left panel) and the new scalar singlet (right
panel) in the ms − cθ plane.
into the upper bound to cθ, has cθ > 0.945 for ms < 45 GeV.
For the case ms > 2mh, s can decay into 2h. The relevant decay rate is
Γ(s→ 2h) =
√
m2s − 4m2h
8pim2s
[
(c3 − 2cs2) cs
2v
(m2s −m2h) +
3c2s
2v
(m2hc
2 +m2ss
2)
]2
. (13)
We plot in the right panel of Fig. 2 contours of the rate Γ(s→ 2h) in the ms−cθ plane, where
the horizontal dotted and dashed lines correspond to constraints on the cθ from universal
Higgs fit at the 68% and 95% CL respectively. The solid, dotted and dashed lines correspond
to Γ(s→ 2h) = 1 GeV, 5 GeV, 10 GeV respectively. This decay rate plays very important
rule in the search of heavy Higgs at the LHC through the diHiggs channel [37]. As can be
seen from the right panel of Fig. 2, Γ(s→ 2h) can not be arbitrarily large in this model. We
refer the reader to Ref. [49] for the search of heavy Higgs at the future 100 TeV pp collider.
IV. DARK MATTER
The pseudo-scalar a is cold dark matter candidate, which is in the thermal equilibrium in
the early universe and freezes out as the temperature drops down. By setting λsh = ρ = 0,
the dark matter only interact with s and h through the vertex given in Fig. 3. The evolution
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FIG. 3: Feynman diagrams relevant to the annihilation.
of the dark matter number density n, is governed by the Boltzmann equation:
n˙+ 3Hn = −〈σvM/oller〉(n2 − n2EQ) (14)
where σ is the total annihilation cross section, vM/oller = (|v1 − v2|2 − |v1 × v2|2)1/2 being
the M/oller velocity, brackets denote thermal average. It has been shown that 〈σvM/oller〉 =
〈σvlab〉 = 1/2[1 +K21(x)/K22(x)]〈σvcm〉 [40], where x = m/T and Ki are the modified Bessel
functions of order i, and 〈σv〉 can be written in terms of a total integral
〈σv〉 = 1
8m2aTK
2
2(ma/T )
∫ ∞
4m2a
σ(sˆ− 4m2a)
√
sK1(
√
s/T )ds (15)
Since the freeze-out of the cold dark matter occurred when WIMP is non relativistic, one
can approximate 〈σv〉 with the non-relativistic expansion 〈σv〉 ≈ a+ b〈v2〉, where v ≡ vlab.
For our model the thermal average of the reduced cross section can be written as
〈σv〉(aa→ ss) = λ
2
s
√
m2a −m2s
16pim3a
− λ
2
s(4m
2
a − 5m2s)
128pim3a
√
m2a −m2s
〈v2〉 , (16)
〈σv〉(aa→ hh) = λ
2
ss
2
θ
√
m2a −m2h
16pim3a
− λ
2
ss
2
θ(4m
2
a − 5m2h)
128pim3a
√
m2a −m2s
〈v2〉 , (17)
〈σv〉(aa→ hs) = λ
2
ss
2
θλ
1/2(4m2a,m
2
h,m
2
s)
128pim4a
−λ
2
ss
2
θ[3λ(2m
2
a,m
2
h,m
2
s) + 4m
2
a(m
2
a −m2h −m2s)]
1024pim4aλ
1/2(4m2a,m
2
h,m
2
s)
〈v2〉 , (18)
where λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2xz, sθ = sin θ and 〈v2〉 = 6/xF , with xF
being the freeze-out temperature, which can be estimated through the iterative solution of
the following equation [41]
xF = ln
[
c(c+ 2)
√
45
8
g∗
2pi3
mDMMpl(a+ 6b/xF )√
g∗xF
]
(19)
where c is an order one constant.
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FIG. 4: Contours of the dark matter relic density in the sθ − λs plane by setting ms = 300 GeV.
The final relic density can be expressed in terms of the critical density [41]
Ωh2 ≈ 1.07× 10
9GeV−1
Mpl
xF√
g∗
1
a+ 3b/xF
(20)
where Mpl = 1.22 × 1019, being the Planck mass; g∗ is the degree of the freedom at the
freeze-out temperature.
Given the Eq. (20), one can carry out numerical analysis. We first assume a and s are
heavier than the SM Higgs. For the scenario mh < ma < (ms +mh)/2, dark matter mainly
annihilates into 2h, which decay subsequently. In Fig. 4, we show contours (Ωh2 = 0.1189)
of the dark matter relic density in the sθ − λs plane by setting ms = 300 GeV. The solid
and dashed lines correspond to ma = 125 GeV and 250 GeV respectively. The green band is
excluded by the Higgs measurements. It is clear that λs should be significant to get a correct
relic density in this case. For the scenario (ms+mh)/2 < ma < ms, dark matter dominantly
annihilate into hˆsˆ and the dark matter relic density is less sensitive to the mixing angle θ,
as can be seen from the left panel of Fig. 4. For the scenario ma > ms, the dark matter
mainly annihilates into ss final state and the relic density is not sensitive to sθ. We show
in the right panel of Fig. 4 contours of the WIMP relic density in the λs −ma plane. The
scalar self coupling λs can be very small to get a correct relic density in this scenario.
For conventional Higgs portal dark matter models, constraints from dark matter direct
detection are very severe. Most of parameter space of these models is excluded by the limit
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FIG. 5: Feynman diagrams relevant to the direct detection of the dark matter.
given by the LUX experiment. For our model, the t-channel Higgs mediated diagram, for
the scattering of a off nucleus, is negligible. The scattering happens only at the one-loop
level. Relevant Feynman diagrams are given in Fig. 5, (a) and (b). The contribution of Fig.
5 (b) is double suppressed by quark Yukawa couplings, such that we only consider the effect
of Fig. 5, (a). The effective Hamiltonian of the WIMP-quark interaction can be written as
L ∼ ζ
m2h
a2q¯mqq , (21)
with
ζ =
λs
16pi2
{
c2
[
6λhcs
2 +
√
2α(2cs2 − s3)1
v
]
ln
m2s
Λ2
+ s2
(
6c3λh − 3
√
2sc2
α
v
)
ln
m2h
Λ2
− cs
[
6c2sλh +
√
2(c3 − 2cs2)α
v
](
−1 + ln m
2
h
Λ2
+
m2s
m2s −m2h
ln
m2s
m2h
)}
(22)
where Λ is the cut-off scale, which is assumed to be 1 TeV in our analysis. The nucleonic
matrix element is parameterized as 〈N |∑qmq q¯q|N〉 = mNfN [42], where mN is the nuclei
mass and
fp,n =
∑
i=u,d,s
fp,nq +
2
9
(
1−
∑
q=u,d,s
fp,nq
)
. (23)
Here fp,n are form factors of proton and neutron, which approximately equal to 0.283 [50].
The total cross section is
σ =
µ2
pi
(
ζ
mam
2
h
)2
(Zmpf
p + (A− Z)mnfn)2 (24)
where µ = mamN/(ma + mN) being the reduced mass of the WIMP-nucleon system and σ
is the spin-independent (SI) cross section.
Currently the strongest constraint on the SI cross section comes from the LUX [43]. We
plot in Fig. 6 the direct detection cross section as the function of the dark matter mass,
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FIG. 6: Direct detection cross section as the function of the dark matter mass.
where the solid, dotted and dashed lines correspond to c = 0.85, 0.90 and 0.95 respectively.
For each curve, one has a correct dark matter relic density, which controls the shape of the
curve. The purple solid line is the LUX limit and the region above the line is excluded.
Notice that our prediction of SI cross section is about 2 ∼ 5 orders below the current LUX
limit, which means less possibility of detecting this types of WIMP in the underground
laboratory by comparing with other conventional dark matter models, especially when the
neutrino background is taken into account. One needs to pursue the signature of the model
at colliders.
V. COLLIDER SEARCHES
At the LHC, the signature of Higgs portal dark matter models comes from mono-Higgs
searches [44, 45], where the dark matter are pair produced in association with a SM Higgs
boson and the signature is a single Higgs boson plus missing energy from the dark matter.
It was clarified in Ref. [44] that the diphoton final state, which comes from the decay of
the SM Higgs, provides the best sensitivity when performing an LHC background study.
Since there will be resonance enhancements to the production cross section whenever the
mediators are produced on-shell, it makes sense to know the decay behavior of the SM-Higgs
h and scalar singlet s. The decay rate of the SM Higgs is simply rescaled by a factor of
c2θ, i.e., Γh ∼ c2θ × 0.0041 assuming a negligible Γ(h → 2s). We show in the left panel of
10
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FIG. 7: Production cross section of σ(pp→ a+ a+ h) at colliders.
Fig. 7 the decay rate of s as the function of ms with the solid and dotted lines correspond
to cθ = 0.85 and 0.95 respectively.
Signal events can be generated using MADGRAPH [46] with showering and hadronization
by PYTHIA [47] and detector simulation by DELPHES [48] at the pp collider. In the right
panel of Fig. 7 we show the production cross sections of σ(pp → a + a + h) at the LHC,
where the solid, dotted and dashed lines correspond to
√
s = 100 TeV, 14 TeV and 13 TeV
respectively. We have assumed that ms = 500 GeV, λs = 2 and cθ = 0.85 when making
this plot. The best signal of this model is γγ + /ET , with /ET the missing energy. For the
background and event selection, we refer the reader to Ref. [44] for detail. A systematic
analysis of collider signatures of this model will be given in a future study.
VI. CONCLUSION
We investigated a Higgs portal scalar dark matter scenario, where the dark matter is the
CP odd component of a complex scalar singlet S that gets no VEV but its CP-even com-
ponent mixes with the SM Higgs boson. The potential has a partially broken Z2 symmetry:
interactions of the CP-odd scalar keeps the Z2 symmetry while interactions of CP-even
scalars explicitly break this symmetry, which is the origination of the mass splitting be-
tween the CP-even scalar and the dark matter. The model contains five free parameters:
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ms, ma, mh, θ and λs, other parameters are either negligible or reconstructable by these free
parameters .
We studied constraint on the parameter space of the model from Higgs measurements,
which has |θ| < 0.526 by performing a universal Higgs fit to the data of ATLAS and CMS.
Constraints from Higgs to invisible decays and hints from heavy Higgs decays were also
presented. For the dark matter sector, only the quartic scalar coupling is relevant to the
relic density. One free parameter can be eliminated by requiring a correct relic abundance.
Besides, there is no tree level contribution to the WIMP-nucleus scattering cross section,
which greatly loose the tension of the correct relic density with constraints of dark matter
direct detections. This is the key point of our model. Numerical results show that the direct
detection cross section is about 2 ∼ 5 orders below the current LUX limit. Although this
WIMP is hard to be detected at the underground laboratory, it is still possible to search
this kind of model at colliders in the mono-Higgs channel. We calculated the production
cross section at the LHC, which has σ(pp→ 2a+ h) ∼ 10 fb for ma ∼ 100 GeV.
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Appendix A: An alternative dark matter model
This model extends the SM with a complex singlet Φ and a real scalar singlet S. The
Higgs potential can be written as
V = −µ2hH†H − µ2sS2 + µ2ΦΦ†Φ + λh(H†H)2 + λsS4 + λΦ(Φ†Φ)2
+λshS
2H†H + λhΦ(Φ†Φ)(H†H) + λsΦ(Φ†Φ)S2
+
{
µ2ASΦ + µ
2
BΦ
2 + λCS
3Φ + λDS
2Φ2 + h.c.
}
(A1)
where all couplings are real and Φ = (ρ + vΦ + iA)/
√
2 and S = s + vs. Notice that V
is incomplete and we leave the analysis of the complete potential for a future study. The
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tadpole conditions can be written as
−µ2h + λhv2h + λshv2s +
1
2
λhΦv
2
Φ = 0 (A2)
(−2µ2s + 4λsv2s + λshv2h + λsΦv2Φ)vs +
√
2µ2AvΦ + 3
√
2λCvΦv
2
s + 2λDvsv
2
Φ = 0 (A3)
(µ2Φ + 2µ
2
B + λΦv
2
Φ +
1
2
λhΦv
2
h + λsΦv
2
s + 2λDv
2
s)vΦ +
√
2µ2Avs +
√
2λCv
3
s = 0 (A4)
The condition for the vΦ = 0 is
µ2A + λCv
2
s = 0 . (A5)
The vacuum expectation values can be written as
v2h =
4λsµ
2
h − 2λshµ2s
4λsλh − λ2sh
, v2s =
2λhµ
2
s − λshµ2h
4λsλh − λ2sh
. (A6)
The scalar mass matrix turns out to be
M2 =
 2λhv
2
h 2λshvsvh 0
F 8λsv2s 2
√
2λCv
2
s
F F µ2Φ + 2µ2B + 12λhΦv2h + λsΦv2s + 2λDv2s
 (A7)
which can be diagonalized by the 3× 3 unitary transformation. The mass eigenvalue of the
CP-odd scalar is
m2A = µ
2
Φ − 2µ2B − sλDv2s + λsΦv2s +
1
2
λhΦv
2
h . (A8)
It is a dark matter candidate in this model.
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